Nanoparticle-mediated photothermal ablation of tumors with near-infrared (NIR) light is an emerging tool in the fight against cancer. Unlike conventional approaches to treatment, such as surgery, radiation therapy, and chemotherapy, nanoparticle treatments are minimally invasive, can be passive or targeted, and should result in minimal side effects.^[@ref1]−[@ref8]^ In photothermal therapy, light is administered, absorbed by the particles and converted into heat sufficient to destroy cells in the local vicinity of the nanoparticle. The treatment is performed with laser light at NIR wavelengths (∼800 nm), where the penetration depth of light in biological tissue is maximum (therapeutic window).^[@ref9]^ NIR absorbing Au-based nanoparticles serving as photothermal transducers are the key components for this treatment. Since the first demonstration of Au nanoshells as NIR photothermal transducers,^[@ref1]^ many other nanoparticles such as Au nanorods,^[@ref4]^ nanocages,^[@ref7]^ hollow Au nanoshells,^[@ref5]^ carbon nanotubes,^[@ref6]^ and graphene^[@ref8]^ have also been actively investigated for photothermal tumor ablation. All these photothermal transducers provide a wide range of geometries with various compositions and therefore different capabilities, advantages and limitations in photothermal therapy.

An ideal nanoparticle photothermal transducer should have the following features: (1) NIR absorption between 700--1000 nm, (2) a large absorption cross-section, (3) a size below 100 nm to enhance tumor uptake and to reduce sequestration by the reticuloendothelial system (RES), and (4) low toxicity and biocompatibility of chemical components. Au nanoparticles absorbing in the NIR have been shown to be excellent photothermal transducers due to their plasmon resonance,^[@ref1],[@ref7],[@ref10]^ the collective oscillation of conduction electrons that occurs upon optical excitation at the resonance frequency of the nanoparticle. Plasmon resonance frequencies can be tuned to the NIR therapeutic window by controlling the geometry and size of the Au nanoparticles.^[@ref11]^ Au is also a particularly attractive material because of its biocompatibility and low cytotoxicity.

Among Au plasmonic nanoparticles, nanoshells can sustain large absorption cross sections due to their spherical geometry, thereby providing high photothermal conversion efficiencies.^[@ref10]^ Additional advantages of Au nanoshells over other NIR absorbing gold nanoparticles are the noncytotoxicity and biocompatibility of their component materials, properties that have led to their current use in clinical trials.^[@ref12]^ In contrast, Au nanorods also offer NIR plasmon resonances with sizes in the sub-50 nm range; however, they are synthesized using high concentrations of cytotoxic cetyltrimethylammonium (CTAB) as a surfactant. Unfortunately, when CTAB is removed, the result is often a reshaping and/or an irreversible aggregation of the nanorods. Shape-preserving chemical functionalization strategies of nanorods are now available that limit the cytotoxicity of CTAB *in vitro*, but often they require multiple washing steps and are not suitable for long-term storage at physiological conditions.^[@ref13],[@ref14]^ In addition, strategies that provide replacement of CTAB with cationic thiol functionalities still have not been evaluated for their *in vivo* biodistribution, but it is likely that due to their high positive charge that they will have shorter circulation half lives than PEGylated nanoparticles.^[@ref15]^

Au nanocages and hollow Au nanoshells (HGNS) are synthesized using a galvanic replacement reaction consisting of Au reduction on a sacrificial metallic core of Ag or Co through a redox process.^[@ref13]−[@ref16]^ In this reaction, residual Ag and Co can remain inside of, or alloyed with, the hollow Au nanostructures, raising potential *in vivo* stability and cytotoxicity issues.^[@ref17]−[@ref20]^ Therefore, SiO~2~/Au nanoshells remain as one of the most promising systems for photothermal therapy.^[@ref2],[@ref21],[@ref22]^ Unfortunately, current experimental synthesis limits NIR absorbing SiO~2~/Au nanoshells to diameters above 100 nm. The development of directly clinically translatable NIR-absorbing sub-100 nm Au nanoparticles remains an important challenge.

Multilayered Au nanoparticles (Au/SiO~2~/Au), known as nanomatryoshkas, offer the possibility to achieve NIR plasmon resonances in the sub-100 nm size range.^[@ref7]^ Nanomatryoshkas (Au/SiO~2~/Au) consist of a Au nanoparticle core, coated with a thin silica layer, surrounded by a final thin Au shell. Due to strong coupling between the plasmons supported by the Au core and the Au shell, known as plasmon hybridization, the plasmon resonance can be tuned to the NIR region in particles with smaller overall dimensions than the standard SiO~2~/Au nanoshell.^[@ref7]^ The development of sub-100 nm nanomatryoshkas is potentially a critical advancement in optimizing photothermal cancer therapy. However, the large scale synthesis required for this application has been hindered by the low efficiency of the amine functionalization of the synthetic precursor Au/SiO~2~ nanoparticle prior to growth of the terminal Au layer of the nanoparticle.^[@ref7]^

Here we report a direct comparative study of sub-100 nm Au nanomatryoshkas and ∼150 nm diameter Au nanoshells in photothermal cancer therapy. This study was facilitated by improvements to the nanomatryoshka synthesis which significantly increased nanoparticle yield, making *in vivo* studies possible. Here we demonstrate the first use of nanomatryoshkas as photothermal transducers in cancer studies in mice, for the therapy of highly aggressive triple negative breast cancer (TNBC) tumors. The subtype TNBC accounts for about 15% of breast cancer cases and is characterized by the lack of estrogen receptor, progesterone receptor, and epidermal growth factor receptor 2 (HER2).^[@ref23]^ Few therapeutic options currently exist for TNBC, a highly aggressive cancer associated with poor patient prognosis, shorter survival times, and nonresponsiveness to endocrine and immunotherapies.^[@ref23]−[@ref25]^ A challenge for nanomedicine in the treatment of TNBC is the lack of traditional targeting receptors. For that reason, passive accumulation of particles in the tumor by the enhanced permeability and retention (EPR) effect is one of the primary mechanisms for nanoparticle intratumoral uptake. Since EPR-based nanoparticle accumulation in tumors strongly depends on nanoparticle size,^[@ref26],[@ref27]^ it is vitally important to obtain suitable candidate nanoparticles in the sub-100 nm size range. In this study, we show that sub-100 nm diameter Au nanomatryoshkas exhibit enhanced accumulation in tumors and improved photothermal conversion efficiency relative to a parallel treatment using Au nanoshells, conditions which resulted in a substantially higher survival rate of the nanomatryoshka treated mice.

Results and Discussion {#sec2}
======================

Synthesis and Characterization of Au Nanomatryoshkas and Au Nanoshells {#sec2.1}
----------------------------------------------------------------------

Au nanomatryoshkas were synthesized through an improved method of a previously reported protocol.^[@ref7]^ In the previous method, the first step involves coating the Au colloid with a uniform layer of SiO~2~ and subsequent amine functionalization. Here a key improvement comes from doping the SiO~2~ layer with (3-aminopropyl)triethoxysilane (APTES) during SiO~2~ layer synthesis, which better facilitates binding of Au colloid (1--2 nm in diameter) onto the surface of the silica layer. The ultrasmall Au nanoparticles act as seeds for growth of the terminal Au shell layer, completing the Au nanomatryoshka synthesis. The thickness of the silica layer is critical for obtaining a high degree of control over the hybridized plasmon resonance modes in nanomatryoshkas, essential for strong NIR absorption. This modified method allows precise control of the silica thickness by first growing an oversized silica layer (∼16 nm) on the Au core followed by controlled etch-back of the silica layer by hydrolysis. (The etching process takes place during the incubation in the Duff colloid solution^[@ref28]^ as described in the fabrication of the seeded precursor in the [Methods](#sec4){ref-type="other"} section.) In this step, the size of the silica layer was thinned to 10 nm after 4 days of incubation. During the etching process, the APTES-doped silica also became densely covered with (1--2 nm) Au nanoparticles, bound to the nitrogen of the amine group of the APTES. An outer shell of Au was synthesized around this seeded precursor by reducing Au^3+^ with formaldehyde as a reducing agent. The silica core/Au shell nanoshells used in this study were synthesized by standard methods previously published.^[@ref29]^

Plasmon resonances in both Au nanomatryoshkas and Au nanoshells are highly tunable by control of nanoparticle dimensions.^[@ref7],[@ref11]^ For nanomatryoshkas, increasing the Au core size, using a thinner silica layer, and growing thinner Au shells result in a tuning of the plasmon to longer wavelengths. In particular, thinner silica layers increase the interaction between the core AuNP and Au shell, which strongly red-shifts the plasmon resonance. The Au nanomatryoshkas synthesized here show two plasmon modes: a low-energy plasmon subradiant mode at 783 nm and a high-energy superradiant plasmon mode at 560 nm. These modes are associated with the nanomatryoshka shown in the inset of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A with dimensions \[*r*~1~, *r*~2~, *r*~3~\] = \[20.8 ± 2.6, 31.3 ± 2.1, 44 ± 2.6\] nm (nominally \[*r*~1~, *r*~2~, *r*~3~\] = \[21, 31, 44\] nm). The radii of each layer were determined from particle size statistics obtained from scanning electron microscope (SEM) images of over 1000 Au core particles, 500 seeded precursors, and 400 nanomatryoshkas. These strongly hybridized modes resulting from the core--shell interaction allow the plasmon to be tuned to ∼800 nm for nanoparticles with diameters in the sub-100 nm size regime. Similarly, Au nanoshells exhibit a dipole plasmon mode that can be tuned to the NIR region by increasing the silica (SiO~2~) core size and growing thinner Au shells. Decreasing the shell thickness facilitates an interaction between the surface plasmons of the inner and outer layers of the metallic shell.^[@ref11]^ The extinction spectrum of Au nanoshells with a plasmon resonance at 796 nm is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B. In the inset of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B a representative SEM image of nanoshells with average dimensions \[*r*~1~, *r*~2~\] = \[62 ± 6.7, 76 ± 4.7\] nm (nominally \[*r*~1~, *r*~2~\] = \[62, 76\] nm) can be observed. These dimensions were calculated from particle size statistics obtained from SEM images of over 300 SiO~2~ core particles and 300 nanoshells.

![Optical and structural properties of nanomatryoshkas and nanoshells. (A) Experimental ensemble extinction spectrum of nanomatryoshkas (inset: SEM image of nanomatryoshkas with dimensions \[*r*~1~, *r*~2~, *r*~3~\] = \[21, 31, 44\] nm). (B) Experimental ensemble extinction spectrum of nanoshells (inset: SEM image of nanoshells with dimensions \[*r*~1~, *r*~2~\] = \[62, 76\] nm). (C) Calculated extinction, scattering and absorption cross section spectra (Mie theory) of the \[*r*~1~, *r*~2~, *r*~3~\] = \[21, 31, 44\] nm nanomatryoshka. (D) Calculated extinction, scattering and absorption cross section spectra (Mie theory) of the \[*r*~1~, *r*~2~\] = \[62, 76\] nanoshell.](nn-2014-01871d_0002){#fig1}

Absorption Cross Sections {#sec2.2}
-------------------------

The absorption cross section (σ~a~) of the nanoparticle is the optical parameter that is directly relevant to photothermal heating efficiency. In contrast, the scattering cross section (σ~s~) does not contribute to photothermal conversion. The absorption cross section is defined as the product of the geometric cross section area (σ~g~) and the absorption efficiency (*Q*~a~):and is therefore directly proportional to nanoparticle size. The absorption efficiency, the ratio of the absorption cross section over the geometric cross sectional area (and analogously the scattering and extinction efficiencies), can be calculated from Mie theory. Calculated spectra of the optical (absorption, scattering and extinction) cross sections of a nanomatryoshka and a nanoshell are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C,D. The absorption cross section of the nanomatryoshka at the absorption maximum wavelength of 800 nm is 2.7 × 10^--14^ m^2^ with a geometric cross section of 6.3 × 10^--15^ m^2^. For nanoshells, the absorption cross section is 2.1 × 10^--14^ m^2^ with a geometric cross section of 1.7 × 10^--14^ m^2^. Even though the geometric cross section of a nanoshell is ∼3 times larger than the nanomatryoshka, the absorption cross section in the nanomatryoshka is ∼1.3 fold larger than a nanoshell. The absorption efficiency for a nanomatryoshka is 4.26, which corresponds to 77% of the total extinction efficiency of 5.53. These nanomatryoshkas show a scattering efficiency of 1.26, 23% of their extinction efficiency. For nanoshells, the major contribution to the total extinction comes from a scattering efficiency of 7.25, which represents 85% of the extinction efficiency, with a minor contribution from the absorption efficiency of 1.24, only 15% of the total extinction efficiency. The larger absorption efficiency and smaller scattering efficiency of nanomatryoshkas will result in a higher photothermal transduction efficiency than that of the larger-diameter nanoshells.

![Photothermal transduction of nanomatryoshkas and nanoshells. (A) Temperature change in solutions of nanomatryoshkas and nanoshells (optical density = 1) irradiated 40 min with a laser of wavelength at 810 nm and power of 2 W/cm^2^. (B) Mean photothermal efficiency from the conversion of light to heat in nanomatryoshka and nanoshell solutions (OD = 1).](nn-2014-01871d_0003){#fig2}

Photothermal Transduction Efficiency {#sec2.3}
------------------------------------

Photothermal transduction efficiency is a measure of how efficient a nanoparticle is in converting absorbed light into a temperature increase of its surroundings. To experimentally determine the photothermal transduction efficiencies of nanoshells and nanomatryoshkas, the temperature of each nanoparticle solution was measured while irradiated with an 810 nm laser until it reached equilibrium ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). The optical density was maintained at 1.0 for both types of nanoparticles. This optical density corresponds to a concentration of 6.5 × 10^9^ particles/mL for nanomatryoshkas and 1.6 × 10^9^ particles/mL for nanoshells. Equal optical densities is the standard method for comparing photothermal efficiencies, since at equal nanoparticle concentrations, nanoshells will have a larger total geometric cross section than nanomatryoshkas.^[@ref10],[@ref30],[@ref31]^ The photothermal transduction efficiency (η) can be determined by^[@ref30]^where *h* is the heat transfer coefficient, *A* is the sample well surface area, *T*~max~ is the steady state maximum temperature, *T*~amb~ is the ambient room temperature, *Q*~0~ is the baseline energy input by the solvent and the sample cell without nanoparticles, *I* is the laser power, and *A*~λ~ is the optical density of the nanoparticle solution at the laser wavelength. The heating and cooling temperature data shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A have a characteristic thermal time constant:where *m* is the mass and *C*~*p*~ is the heat capacity of each *i* component of the sample cell. The mass of the nanoparticle solution was 3.5 g, and its heat capacity (*C*~*p*,*s*~) was approximated to be 4.187 J g^--1^ K^--1^ (the heat capacity of water). In addition, the mass of the quartz cuvette was 5.67 g, and its heat capacity (*C*~*p*,*c*~) was 0.839 J g^--1^ K^--1^. By finding the best exponential fit of the cooling temperature data, we calculated the thermal time constant (τ) using

The thermal time constant should be the same for either heating or cooling of the solution. Once we know the time constant we can calculate the heat transfer coefficient (*h*). The heat energy (*Q*~0~) of the sample cell and solvent without nanoparticles was calculated similarly by calculating first the heat transfer coefficient from an independent experiment, and then using the following equation:

The calculated photothermal transduction efficiency shows that the nanomatryoshkas have a higher average efficiency (63%) than nanoshells (39%) as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B, in agreement with previously calculated values for nanoshells.^[@ref10]^ This indicates that nanomatryoshkas are 1.6 times more efficient than nanoshells at constant optical density of 1.0 for both nanoparticle systems.

![Biodistribution of gold NM and NS in tumor-bearing mice. Mean and standard deviation of gold content in organs at 4 h (top), 24 h (middle), and 72 h (bottom) after intravenous injection. Gold concentrations were analyzed by ICP-MS. The gold content in tumors in μg of Au/g of wet tissue is plotted as log~10~ scale for visual clarity of values in organs with low gold content.](nn-2014-01871d_0004){#fig3}

![(A) Mean number of gold nanoparticles in the tumor per gram of wet tissue with standard deviations. The mass of gold in the tumors was analyzed by ICP-MS and converted to the number of nanoparticles considering the mass of Au in a nanomatryoshka = 5.22 × 10^--9^ μg for nanomatryoshka dimensions \[*r*~1~, *r*~2~, *r*~3~\] = \[21, 31, 44\] nm and for nanoshell = 1.62 × 10^--8^ μg of Au for a nanoshell with dimensions \[*r*~1~, *r*~2~\] = \[62, 76\] nm. (B) Mean percentage of the total injected Au dose (% ID/g of tumor). (C) Histology of tumor sections extracted from mice intravenously injected with gold nanoparticles. Fluorescence staining combined with dark field microscopy: DAPI stains cell nucleus in blue; Alexa Fluor594 in combination with CD34 stains vasculature in red; and nanoparticle scattering is observed as bright spots. The three channels (DAPI, Alexa Fluor594 and nanoparticle scattering) are overlaid (see individual channels in [Supporting Information](#notes-2){ref-type="notes"}, Figure S1).](nn-2014-01871d_0005){#fig4}

Biodistribution of Nanomatryoshkas and Nanoshells {#sec2.4}
-------------------------------------------------

Nanomatryoshkas and nanoshells were functionalized with thiolated poly(ethylene glycol) (thiol-PEG) of molecular weight 10 kDa to render the nanoparticle surface biocompatible and to increase the circulation time in the bloodstream of the mice. The hydrodynamic diameter and surface charge of the PEG conjugated and nonconjugated particles are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The surface charge is about −5 mV for PEG functionalized nanomatryoshkas and nanoshells. A close to neutral surface charge is required for longer circulation time in the bloodstream, better tumor penetration and evasion of the RES.^[@ref32],[@ref33]^

###### Diameter and Surface Charge of PEG-Functionalized and Bare Gold Nanoparticles

  sample    diameter SEM (nm)   hydrodynamic diameter (nm)   zeta potential (mV)
  --------- ------------------- ---------------------------- ---------------------
  NM        88 ± 5              96                           --46.7
  NM\@PEG   NA                  137                          --4.4
  NS        152 ± 9             161                          --57
  NS\@PEG   NA                  195                          --5.4

PEG-conjugated nanomatryoshkas and nanoshells with an equal dose of gold (300 μg of Au) were delivered *via* tail vein injection into mice bearing a TNBC xenograft. This dose of Au is equivalent to 5.7 × 10^10^ nanomatryoshkas in 200 μL (approximate OD~810 nm~ = 26) with dimensions \[*r*~1~, *r*~2~, *r*~3~\] = \[21, 31, 44\] nm and 1.9 × 10^10^ nanoshells in 200 μL (approximate OD~810 nm~ = 42) with dimensions \[*r*~1~, *r*~2~\] = \[62, 76\] nm considering that the density of gold is 19.3 g/cm^3^. After the nanoparticles had circulated in the bloodstream, the mice were sacrificed at 4, 24, and 72 h postinjection and the Au content in each tumor was quantified using ICP-MS. The Au content in the mouse organs is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The circulation half-life of both nanoparticles is expected to be similar since no statistical difference was observed in the gold concentration in the blood at the time-points analyzed. For nanoshells previous studies have reported a circulation half-life of 12.7 h.^[@ref34]^ The gold concentration in the blood at 4 h is high, suggesting that the nanoparticles are still actively circulating in the bloodstream. Therefore, we can see that highly irrigated organs within the bloodstream (*e.g*., lung and heart) show a correspondingly high Au content at 4 h. A nontrivial concentration of Au was observed in kidney that is in line with what has been observed previously in several studies using nanoshells.^[@ref34],[@ref35]^ It is thought that the presence of larger nanoparticles in the kidneys is due to accumulation within and subsequent transport by phagocytotic cells.^[@ref36]^ At all time points, the mean Au content in tumor (given in μg of Au per g of tumor) is ∼1.7 times higher for nanomatryoshkas than for nanoshells, presumably because the smaller size of nanomatryoshkas facilitates better penetration into tissue. Considering that the mass of Au in a single nanomatryoshka is 5.22 × 10^--9^ μg and in a nanoshell is 1.62 × 10^--8^ μg, the number of nanoparticles in the tumor was calculated; results are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A. The percentage of the injected dose is also included in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B for comparison. As is clearly shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B, a larger percentage of the injected dose of NM is present in the tumor compared to NS at each of the time points.

The presence of the Au nanoparticles in the tumor was visualized by dark field microscopy due to the nanoparticle light scattering combined with fluorescence staining of cancer cells ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C). DAPI stains the cell nuclei blue; Alexa Fluor594 in combination with CD34 stains the vasculature red; and light scattering from nanoparticles is observed as yellow bright spots. Qualitatively in these images, more Au nanomatryoshkas are observed than nanoshells in the tumor tissue. Given the smaller scattering cross section of nanomatryoshkas, these images further support a greater degree of uptake in the tumor tissue by nanomatryoshkas relative to nanoshells

![Survival curves of tumor-bearing mice after photothermal therapy, which consisted of intravenous injection of gold nanoparticles or saline solution followed by irradiation for 5 min with a laser of wavelength at 810 nm and power of 2 W/cm^2^. Bounds at 95% confidence intervals are drawn with dotted lines. The survival curves and trend differences were statistically significant (*p* \< 0.005).](nn-2014-01871d_0006){#fig5}

Photothermal Therapy Efficacy {#sec2.5}
-----------------------------

Mice bearing 200 mm^3^ triple negative breast tumors (MDA-MB-231-LM2) were randomly assigned to three experimental groups: (1) a control group treated with an injection of saline solution plus laser treatment (no nanoparticles) (*n* = 4), (2) nanoshell injection plus laser treatment (*n* = 6), and (3) nanomatryoshka injection plus laser treatment (*n* = 6). Mice received, *via* tail vein injection, a volume of 200 μL of PEG conjugated nanomatryoshkas or nanoshells at equal Au dose (300 μg of Au), equivalent to 5.7 × 10^10^ nanomatryoshkas and 1.9 × 10^10^ nanoshells. Laser photothermal ablation of TNBC tumors was conducted 4 h after injection. Laser power was 2 W/cm^2^ for 5 min.

The temperature in the tumor was probed using a needle thermocouple while the treatment was conducted. After 5 min of laser treatment the average maximum temperature change in the tumor was 13.7 ± 1.0 °C for the "saline + laser" group, 31.1 ± 0.7 °C for the "nanoshell + laser" group, and 33.7 ± 8.0 °C for the "nanomatryoshka + laser" group. While a higher temperature for the "nanomatryoshka + laser" than the "nanoshell + laser" group was expected due to the higher number of nanomatryoshkas in the tumors, no statistical difference was observed. We attribute this to the high sensitivity of thermocouple-based measurements to probe placement in the tumor, which is extremely difficult to reliably reproduce from mouse to mouse.

Tumor size and mice health was monitored for the subsequent 60 days post-treatment, and mice were sacrificed when tumor size exceeded 1500 mm^3^, or after completion of the experiments if tumors persisted at 60 days after treatment. The survival curve for complete tumor regression (no tumor detectable by bioluminescence imaging, or otherwise palpable or visually noticeable) is shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. For nanomatryoshkas, a large percentage (83%) of the TNBC tumor-bearing mice appeared healthy and tumor free \>60 days later, where only 33% of the nanoshell-treated mice survived the same period. One NS treated mice died within 4 days of treatment, likely due to thermal therapy off-target effects, as the tumors were close to liver, where nanoparticles preferentially accumulated. All animals in the control group had to be euthanized between 14 and 20 days post-treatment due to rapid tumor growth above animal protocol cutoff. The survival curves for the different treatment groups were compared with Logrank (Mantel--Cox) test with *p* = 0.0008, and Logrank test for trends (*p* = 0.0006), and also with Gehan--Breslow--Wilcoxon test with *p* = 0.0025. Analysis was performed with Prism software (Prism 6 for Mac OS X, GraphPad Software, La Jolla California USA, [www.graphpad.com](www.graphpad.com)).

These results indicate that photothermal therapy using nanomatryoshkas improves the survival of mice bearing TNBC tumors compared to the equivalent therapy using nanoshells.

![Evaluation of tumor response to photothermal therapy by bioluminescence imaging. The bioluminescence signal is generated only in living cancer cells as a result of luciferase activity. (A) Representative mice of each experimental group showing the luciferase activity in the tumor. The mice injected with nanomatryoshkas or nanoshells and treated with laser experienced loss of bioluminescence in the area illuminated by the laser as seen after therapy. Mice were euthanized when tumor volume reached 1500 mm^3^ or if the tumor persisted at 60 days after treatment. (B) Mean luciferase activity in the tumor with standard deviations. The luciferase signal was normalized to the signal before treatment.](nn-2014-01871d_0007){#fig6}

Imaging of Luciferase Activity in Tumors {#sec2.6}
----------------------------------------

Imaging of luciferase bioluminescence helps to evaluate the tumor response to the photothermal treatment ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Bioluminescence signal intensity provides a surrogate measurement for cancer cell viability. Photothermal therapy resulted in a drastic loss of luciferase activity in mice injected with nanomatryoshkas or nanoshells. In contrast, mice injected with saline solution and treated with laser did not exhibit significant decrease in bioluminescent intensity thus reflecting a nonmeasurable therapeutic effect. In both experimental groups, "nanomatryoshka + laser" and "nanoshell + laser", the fraction of mice free of palpable or otherwise obvious tumors showed zero luciferase activity even after \>60 days indicating complete eradication of cancer. However, one mouse in the "nanomatryoshka + laser" group and three in the "nanoshell + laser" group showed recurrence of luciferase activity and thus tumor relapse after intitial successful treatment. As depicted in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}D, the recurrence of luciferase activity took longer time for mice treated with nanomatryoshkas than with nanoshells and was lower in magnitude indicating persistent effects on nanomatryoshka therapy, even after tumor recurrence.

Conclusions {#sec3}
===========

Gold nanomatryoshkas exhibited improved photothermal therapy efficacy for orthotopic TNBC xenografts in nude mice when compared to standard gold nanoshells. We have demonstrated that nanomatryoshkas are highly efficient photothermal transducers due to their large absorption cross sections. The photothermal transduction efficiency of nanomatryoshkas was 63 *versus* 39% for nanoshells. In addition, the tumor uptake of nanomatryoshkas was 5 times the number of nanoshells when both particle types were injected at equal doses of Au mass. This higher tumor uptake was due to the smaller size of the nanomatryoshkas (∼90 nm diameter) compared to nanoshells (∼150 nm diameter). These sub-100 nm gold nanomatryoshkas are promising NIR photothermal transducers for the treatment of highly aggressive tumors.

Methods {#sec4}
=======

Synthesis of gold nanoshells was conducted by standard methods described in detail elsewhere.^[@ref11],[@ref29]^

Gold Nanomatryoshka Synthesis {#sec4.1}
-----------------------------

Gold nanomatryoshkas were synthesized by improving our previously reported method.^[@ref7]^

### Synthesis of Silica Coated Gold Colloid {#sec4.1.1}

Au colloid (40 nm citrate NanoXact Gold, nanoComposix) was coated with silica doped with (3-aminopropyl)triethoxysilane (APTES) by a modified Stöber process. For this reaction, 21 mL of Au colloid (7.0 × 10^10^ particles/mL, citrate-capped 40 nm Au sphere, NanoComposix) were added under stirring to an Erlenmeyer flask with a ground glass joint. Next, 180 mL of 200 proof ethanol (Decon Laboratories), and 1.8 mL of ammonium hydroxide (28--30%, EMD Chemicals) were added. Finally, 36 μL of a solution of 10% tetraethoxysilane (TEOS, SIT7110.2, Gelest) in ethanol and 36 μL of 10% APTES (SIA0610.1, Gelest) in ethanol were added. The solution was sealed and stirred 50 min at room temperature followed by stirring 24 h at 4 °C. The solution was transferred into a dialysis membrane (Spectra/Por 6, MWCO = 10000, Spectrum Laboratories) previously washed with Milli-Q grade water to remove residual chemicals and then washed with ethanol to remove excess water. The solution was then dialyzed at least 12 h in 1 gallon of 200 proof ethanol at room temperature to remove ammonium hydroxide and the remaining free silanes (TEOS and APTES) from the reaction. The purpose of the dialysis is to decrease aggregation of nanoparticles during centrifugation. The solution was cooled to 4 °C and centrifuged 45 min at 2000 rcf (the solution was centrifuged in aliquots of ∼17 mL using 50 mL plastic tubes). The supernatant was removed and the pellet was redispersed by sonication in a total volume of 5 mL of ethanol. If there is red color in the supernatant, we repeated centrifugation to recover more particles.

### Synthesis of Duff Colloid {#sec4.1.2}

Briefly, under rapid stirring, 1.2 mL of 1 M NaOH were added to 180 mL of H~2~O, followed by addition of 4 mL of a 1.2 mM aqueous tetrakis(hydroxymethyl) phosphonium chloride (THPC, 80% solution in H~2~O, Sigma). After stirring 5 min, 6.75 mL of 1% (w/v) aqueous chloroauric acid (HAuCl~4~·3H~2~O, Sigma-Aldrich) were quickly added, after which the solution immediately turned brown. The final solution was refrigerated for at least 2 weeks before use.

### Synthesis of Seeded Precursor {#sec4.1.3}

The fabrication of the seeded precursor consists of the functionalization of APTES-doped silica surface with small gold colloid (1--2 nm) fabricated by the method reported by Duff *et al.*([@ref28]) First, the APTES-doped silica-coated gold colloids were bath sonicated for 20 min. Then, in a 50 mL plastic centrifuge tube, 20 mL of Duff colloid solution was added, followed by rapid, simultaneous addition of 300 μL of 1 M NaCl and 1 mL of APTES-doped silica-coated gold colloid (this reaction is repeated until we use all the silica-coated gold colloids, usually ∼4 reactions per batch). The solution was quickly vortexed and sonicated for 30 min. The resulting solutions were incubated 4 days at room temperature and gently shaken once at day followed by sonication 20 min to prevent aggregation. During this time two processes took place: (1) the silica was etched and (2) small gold colloids were attached to the surface of the silica-coated gold colloid. After the incubation, the solutions were sonicated for 20 min and then centrifuged 30 min at 700 rcf. The supernatant was transferred into a new tube, and the pellet was redispersed in 800 μL of water by sonication 5 min and transferred into a 2 mL centrifuge tube. We repeated the centrifugation of the supernatant and recovery of pellets three times (in total about 16 pellets were collected, each one distributed separately in 2 mL tubes). All solutions were centrifuged in the 2 mL tubes 30 min at 700 rcf and redispersed in water by sonication 5 min. Centrifugation was repeated but particles were redispersed and combined in a total volume of ∼1 mL of water. This particle is the seeded precursor used for seeded growth of the outer Au shell.

The synthesis of a metallic shell of gold around the seeded precursor was done using a plating solution as a source of Au^3+^. The plating solution was prepared by mixing 200 mL of water, 50 mg of anhydrous potassium carbonate (*K*~2~CO~3~), and 3 mL of 1 wt % aqueous chloroauric gold solution followed by aging for 12--19 h. The reduction of Au^3+^ into a metallic shell of Au around the seeded precursor was done in a 4.5 mL metacrylate cuvette with a plastic cap. A volume of 3 mL of plating solution was added into the cuvette followed by 20--60 μL of seeded precursor. Next, 15 μL of formaldehyde were dropped inside the cap, and the cuvette was closed followed by a fast shaking of the solution for about 1 min. The solution changed color from red to purple upon the formation of the outer shell. The extinction spectra of gold nanomatryoshkas were measured in a UV--vis--NIR spectrophotometer (Cary 5000, Varian). The plasmon resonance of the nanomatryoshka was controlled by altering the volume of seeded precursor in the reaction. The concentration of nanomatryoshkas as synthesized is ∼9 × 10^9^ particles/mL.

PEG Conjugation to Nanoparticles {#sec4.2}
--------------------------------

Freshly made nanoparticles were centrifuged, nanoshells (∼300 mL of ∼3 × 10^9^ parts/mL) at 240 rcf for 30 min and nanomatryoshkas (∼100 mL of ∼9 × 10^9^ parts/mL) at 200 rcf for 30 min. Nanoparticles were redispersed in 10 mL of Milli-Q water. Thiol-PEG (mPEG-SH, MW 10000, Laysan Bio) was added to the nanoparticle solution to a final concentration of 100 μM and stirred for 12 h. Nanoparticle solutions were filtered through 0.8/0.2 μm pore size syringe filters (PALL Acrodisc PF 32 mm) to sterilize the solution. Finally, nanoparticle solutions were centrifuged (nanoshells 280 rcf for 30 min and nanomatryoshkas 240 rcf for 30 min) and redispersed in 4 mL of sterile 1 mM phosphate buffer pH 7.3. The Au concentration in each sample was analyzed by ICP-MS and was adjusted to 1.5 mg of Au/mL.

Scanning Electron Microscope (SEM) Imaging {#sec4.3}
------------------------------------------

First, silicon wafers (P-type/boron-doped silicon, Silicon Valley Microelectronics) were functionalized with PVP (poly(4-vinylpyridine), Sigma-Aldrich) by immersion in 1% (w/v) ethanolic solution for 24 h. Silicon wafers were washed with ethanol to remove excess PVP on the surface. Wafers were dried in a stream of nitrogen gas, and the sample of gold nanoparticles was drop-cast onto the silicon wafer and allowed to interact with the substrate for 1--4 h. The remaining solution was removed in a water rinse and the sample again dried with nitrogen. SEM imaging was performed using a Quanta 650 FEG SEM (FEI, Inc.). Nanoparticle dimensions were determined from SEM images with a custom MATLAB sizing program based on edge detection with a Hough transform.

Photothermal Transduction Efficiency {#sec4.4}
------------------------------------

To measure the photothermal transduction efficiency, the nanoparticle solution was maintained under magnetic stirring in a 1 cm path length quartz cuvette that was clamped to a foam cap to reduce the heat loss. A K-type thermocouple connected to a digital thermometer (OMEGA, HH309A) was inserted through the foam cap to measure the temperature of the solution. The bottom of the cuvette was kept 1 cm above the magnetic stir plate and 1 cm separated from the continuous diode laser (810 nm laser, Diomed). The probe of the thermocouple was carefully submerged into the solution and kept away from the illumination path of the laser light. The solution was irradiated with 2 W/cm^2^.

Triple Negative Breast Cancer Xenografts {#sec4.5}
----------------------------------------

MDA-MB-231LM2 cells, transfected with luciferase, were maintained in DMEM media (Sigma), supplemented with 10% FBS (Gibco) and 1% penicillin and streptomycin (Lonza) and incubated in 5% CO~2~ at 37 °C as described in literature.^[@ref37]^ Cells were routinely maintained by passaging when they became 80% confluent.

Prior to injection into the mice, the cells were collected with a sterile plastic scraper, counted and suspended in sterile PBS to the desired cell number concentration. Mice used in this experiment were 4--5 week old female athymic nude mice from Harlan Sprague--Dawley. To induce tumor growth, 1 × 10^7^ cells in a total volume of 200 μL of PBS were injected subcutaneously in the fat pack of the ribcage on one side following the method described by Rimawi *et al.*([@ref38]) Tumor growth was monitored every 2 days by measurement with a digital caliper and the tumor volume was calculated with the formula: tumor volume = 1/2 (length × width^2^). All *in vivo* studies were conducted in accordance with institutional guidelines and under approved IACUC protocols at Baylor College of Medicine.

Photothermal Therapy Efficacy Experiment {#sec4.6}
----------------------------------------

When the tumors reached a volume of around ∼200 mm^3^, 200 μL of either PEG conjugated nanomatryoshkas (NM-PEG), PEG conjugated nanoshells (NS-PEG) or a saline solution were injected into the tail vein. The gold concentration in both nanoparticle solutions was 1.5 mg of Au/mL. Four hours after injection, the mice were anesthetized with isoflurane and the tumor in the treatment groups was treated for 5 min with a CW-diode laser (Diomed 15Plus, Angio Dynamics) emitting 2 W/cm^2^ at a wavelength of 808 nm. Mouse were observed for 60 days and euthanized *via* CO~2~ if tumor size exceeded 1500 mm^3^, or if tumors persisted at 60 day after treatment.

Biodistribution {#sec4.7}
---------------

When tumors reached the same volume as used for the photothermal therapy treatment, 18 mice were randomly put into two groups with nine mice per group. One group was injected with NM-PEG and the other with NS-PEG. The injected dose was 200 μL of nanoparticle solution equal to 300 μg of Au. Four hours, 24 and 72 h after injection, three mice per group were sacrificed. Heart, lung, liver, spleen, gut, kidney, blood and tumor were collected, the organs were washed in PBS and stored at −80 °C until further investigation.

For the gold content analysis, the organs were weighed and digested in ∼2 mL of aqua regia. The samples were purified and diluted in 10 mL 1% aqua regia for inductively coupled plasma mass spectrometry (ICP-MS, PerkinElmer) analysis. The experiments were carried out in three independent runs for statistical analysis.

Histopathology {#sec4.8}
--------------

Small tumor parts were washed in PBS, held in 10% buffered formalin for 24 h, washed in PBS (3× for 20 min) and then kept in 70% ethanol. For the staining, the organs were fixed in paraffin blocks and then cut with a microtome. Vasculature was stained with CD34 (LifeSpan Biosciences) and Alexa Fluor594 (Molecular Probes, InVitrogen) and the nucleus was stained with DAPI (Vector Laboratories). Dark field and fluorescence microscopy of tumor sections was conducted with an Olympus BX 41 microscope with a 40× NA0.6 objective.

Calculation of Nanoparticle Concentration {#sec4.9}
-----------------------------------------

In order to calculate the nanoparticle concentration, the extinction efficiency (*Q*~ε~) was determined for nanomatryoshkas and nanoshells using Mie theory.^[@ref39]^ For nanomatryoshkas, the theoretical parameters used were \[*r*~1~, *r*~2~, *r*~3~\] = \[21, 31, 46\] nm, dielectric constant of the SiO~2~ (3.0), dielectric constant of the medium (H~2~O, 1.77), and dielectric constant of Au from Johnson and Christy,^[@ref40]^ and theoretical extinction efficiency (*Q*~ε~, 5.53). The dielectric constant of SiO~2~ (3.0) required to match the experimental spectrum was higher than pure silica (2.04), likely due to a combination of factors such as doping of APTES in the silica, attachment of dyes, and filling of small gold colloid in the cracks of the silica, which would lead to an effective medium with an elevated refractive index. For nanoshells, the parameters chosen were \[*r*~1~, *r*~2~\] = \[62, 74\] nm, dielectric constant of the SiO~2~ (2.04), dielectric constant of the medium (H~2~O, 1.77), and Johnson and Christy dielectric constant for Au, and theoretical extinction efficiency (*Q*~ε~, 8.49). The Beer--Lambert law was used to determine the concentration of the nanoparticle as follows:where Abs is the experimental absorbance, *r*^2^ is the overall nanoparticle radius in centimeters, and *L* is the optical cell path length (*L* = 1 cm).
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Nonoverlaid fluorescence and dark field microscopy channels of tumor sections in Figure S1. Tumor volumes of each mouse during the survival study in Figure S2. This material is available free of charge *via* the Internet at <http://pubs.acs.org>.
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